**Specification Table**Subject Area:Environmental ScienceMore specific subject area:Indoor radonProtocol name:Indoor radon mapping and health risk assessmentReagents/tools:solid-state nuclear detectors of SSNTDs type CR-39, Radon mapping by ARC GIS (Ver. 10.3)How data were acquired:All available data relevant to indoor radon surveys across country up to 2019 were collected and used in mapping.\
CR-39 detectors after three-month exposure in dwellings of Shabestar county were analyzed to determine radon concentration according to the U.S. EPA protocol \[[@bib0005]\].Trial registration:Not applicableEthics:Not applicable

**Value of the Protocol**•We reviewed and summarized all researches conducted on the levels of indoor radon and provided first radon map in Iran based on the published papers.•Public exposure database in terms of effective dose, ELCR and risk of lung cancer was prepared.

Description of protocol {#se0155}
=======================

Radon is a colorless, odorless and tasteless natural radioactive gas. It is a product of the degradation of uranium and has a radioactive half-life of about four days. Prolonged exposure to elevated radon concentrations has been linked to an increased lung cancer risk \[[@bib0010]\].

High background radon radiation levels has been reported in Guarapari, Brazil; Kerala, India; Yangjiang, China ; Ramsar, Iran \[[@bib0015], [@bib0020], [@bib0025]\]. However, not all areas have a high radon concentration and there is no way to know the radon level and consequently possible risk in a specific site before testing. Radon concentration varies across the country, so easy, cost-effective and reliable measuring radon levels at dwellings of different areas can be used to develop a national database including maps of residential radon exposure.

In Iran, Radon gas measurement was considered by the Iranian Ministry of Health since 2013 in the framework of the National Radon Measuring Plan. Subsequently, in different provinces and cities of Iran, the program has been implemented sporadically and the results of these monitoring are published in the form of scientific papers. For example, the most recent researches carried out in Northern Iran \[[@bib0020]\], Central Iran \[[@bib0025]\], Tehran \[[@bib0030]\], Tabriz \[[@bib0035]\], Isfahan \[[@bib0040]\], Shiraz \[[@bib0045]\], Mashhad \[[@bib0050]\], Hamedan \[[@bib0055]\], Ramsar \[[@bib0060]\], Yazd \[[@bib0065]\], Qom \[[@bib0070]\], Kermanshah \[[@bib0075]\], Khoram Abad \[[@bib0080]\], and Minab \[[@bib0085]\] can be mentioned. Despite some scattered regional indoor radon surveys in Iran, radon mapping has not been carried out yet to increase awareness of the hazards of exposure to radon and to target future radon surveys. So, the main objectives of this study was review and summarize all researches conducted on the levels of indoor radon and also provide map of radon concentration across the country based on the published papers.

Besides, we have tried to measurement of indoor radon levels in Shabestar residential homes in the East Azerbaijan-northwest of Iran as a case survey along with analyzing the factors influencing the concentrations. A little information on indoor radon activity in Azerbaijan district is available in literature. The results of this study could be useful in developing the radon map of Iran.

Development a first trial radon map {#sec0005}
===================================

All available data relevant to indoor radon surveys across country up to 2019 was collected and used in mapping and producing database. The map includes data from 20 cities displaying the levels of indoor radon activity in 3441 dwellings in Iran.

[Fig. 1](#fig0005){ref-type="fig"} depicts the map of mean indoor radon concentration values in Iran. Our database including indoor radon levels and associated radiological parameters are given in [Table 1](#tbl0005){ref-type="table"} as well. However, only data from 20 cities representing 4.5% of the Iranian cities with population more than 20,000 people was available.Fig. 1Indoor radon activity map of Iran.Fig. 1Table 1Indoor radon concentration studies in different cities of Iran.Table 1RegionNumber of dwellings222Rn (Bq/m^3^)Mean Effective dose (mSv/y)ELCRLCC×10^−6^Excessive rate (%)RefMean(SD)(Min, Max)Ramsar(1)500Autumn:355\
Winter:476(Max:31,080)Autumn:\
8.95\
Winter:\
123.44 × 10^−2^\
4.6 × 10^−2^161.11\
216--\[[@bib0165]\]Ramsar(2)85578(677)--17.66.7 × 10^−2^316.1845% between 400-3200 Bq/m^3^\
15%\>100 Bq/m^3^\[[@bib0170]\]Babolsar1488(35)--2.681.03 × 10^−2^48.42Gonabad2784(31)--2.569.86 × 10^−3^46.08Tehran(1)8080(84)--2.449.3 × 10^−3^43.94Tehran(2)30104(31,460.2)2.621 × 10-247.1638%\>100 Bq/m^3^\[[@bib0030]\]Lahijan400163(57)--3.431.3 × 10-261.74In a majority of dwellings \>100 Bq/m^3^\
Ave:163 Bq/m^3^\
Max:2386 Bq/m^3^\
(Ardabil),\
Min:55 Bq/m^3^(Lahijan)\[[@bib0020]\]Ardabil400238(24)--51.9 × 10-290Namin176144(73)--3.631.4 × 10-265.34Sar-Ein148159(116)--41.54 × 10^−2^72Khorramabad5643.4(40.37)(1.08,196.8)1.094.2 × 10^−3^19.6210.1%\>100 Bq/m^3^\[[@bib0080]\]Qom12395.83(15,259)2.419.2 × 10^−3^43.3824.3%\>100 Bq/m^3^\[[@bib0070]\]Shiraz(1)26294(52)(17.4, 280.7)2.379.1 × 10^−3^42.66--\[[@bib0175]\]Shiraz(2)18557.6 (33.06)(17,250)1.455.6 × 10^−3^26.15.4%\>100 Bq/m^3^\[[@bib0045]\]Kermanshah102\
(hospitals)11.4(4.9)--0.281 × 10^−3^5.04--\[[@bib0075]\]Minab3433.7(8,67)0.853.2 × 10^−3^15.3--\[[@bib0085]\]Isfahan5128.57(39.38)(3,251)0.722.7 × 10^−3^12.964%\>100 Bq/m^3^\[[@bib0040]\]Mashhad15031.9(12.3, 135.2)0.83 × 10^−3^14.45.3%\>100 Bq/m^3^\[[@bib0050]\]Hamadan70108(4,364)2.721 × 10^−2^48.96--\[[@bib0055]\]Yazd84137.4(149.5)(5.55,747.4)3.461.3 × 10-262.2830% of basements \>148 Bq/m3\[[@bib0065]\]Gorgan21843.99(37.8)--1.14.2 × 10-319.83%\>148 Bq/m^3^\[[@bib0180]\]Tabriz19639(25)--0.983.7 × 10-317.64--\[[@bib0035]\]Shabestar\
County5056.19(45.96)(3.92,520.1)1.45.4 × 10-325.210%\>100 Bq/m^3^(Present study)Total3441G.M:72.05\
A.M:117.4--Mean:\
2.6Mean:\
1 × 10^−2^Mean: 46.8--[^1]

As shown in [Table 1](#tbl0005){ref-type="table"} and in indoor radon activity map ([Fig. 1](#fig0005){ref-type="fig"}), the mean indoor radon concentration levels in most cities are below the WHO action level and no more than 10% of them have radon concentration exceeding 200 Bq/m^3^. The geometric mean of radon concentration was calculated to 72.05 Bq/m^3^. But anyway, many areas of country are still not covered by this map and further surveys should be carefully designed.

[Table 2](#tbl0010){ref-type="table"} displays the comparison of global indoor radon concentrations in different countries with the results of the present study. The residential radon value in Iran is lower than Romania and Jordan.Table 2Comparison of indoor radon levels in Iran with some others countries.Table 2CountriesConcentration of indoor radon (Bq/m^3^)RefIran117.4Present studyAzerbaijan84\[[@bib0185]\]Turkey81\[[@bib0140]\]Iraq (Baghdad)116\[[@bib0190]\]Pakistan\
(Azad Kashmir district)100\[[@bib0195]\]Lebanon23.5\[[@bib0200]\]Oman21\[[@bib0205]\]Saudi Arabia\
(West &Southwest regions)32\[[@bib0210]\]Japan14.3\[[@bib0215]\]South Korea53\[[@bib0220]\]Jordan (As-Salt Region)111\[[@bib0225]\]Russia48\[[@bib0230]\]India (Aizawl district)48.4\[[@bib0235]\]Germany49\[[@bib0240]\]Sweden90\[[@bib0245]\]Spain95\[[@bib0250]\]Greece55\[[@bib0255]\]France89\[[@bib0255]\]Iceland13\[[@bib0260]\]Ireland77\[[@bib0265]\]Romania126\[[@bib0270]\]Nigeria (Southwest regions)39\[[@bib0275]\]Ghana (South Dayi District)34.9\[[@bib0280]\]Ecuador94.3\[[@bib0285]\]Venezuela52.5\[[@bib0285]\]Peru32.29\[[@bib0285]\]

Calculation of Annual effective dose, ELCR and LCC associated with radon exposure {#sec0010}
=================================================================================

The annual effective dose by the indoor air radon was estimated by the following equation:Where: CR = Radon concentration (Bq/m^3^); D = Dose conversion factor (9 × 10^−6^ mSv/hr per Bq/m^3^); H = Indoor occupancy factor (0.8); F = Indoor radon equilibrium factor (0.4); and T = Number of hours in a year (24 h × 365 days =8760 h/yr).

The Annual effective dose (to lungs) was obtained by equation 2:

DT = annual absorbed dose (mSv/yr); WR = radiation weighting factor (20 for alpha particles recommended by the ICRP); and WT = tissue weighting factor (0.12 for lung) \[[@bib0100]\]

The Excess life time cancer risk (ELCR) was calculated using the Equation 3:

Where DT is the annual effective dose, DL is the average duration of life estimated to a 70 years and RF is the fatal cancer risk per Sievert (5.5 × 10^−2^ Sv^−1^) recommended by ICRP 103.

Finally, the lung cancer cases per year per million person (LCC) is estimated by using the risk factor lung cancer induction 18 × 10^−6^ mSv^-1^ and can be obtained using the Equation 4:

According to the [Table 1](#tbl0005){ref-type="table"} the values of annual effective doses for radon inhalation by the inhabitants were found to vary in the range 0.28 (Kermanshah) to 11.07 (Ramsar) mSv y^--1^ with a mean of 2.6 ± 2.4 mSvy^--1^. It has been observed that majority of the cities monitored for indoor radon concentration were shown annual effective dose within the recommended action level (3--10 mSvy^−1^) \[[@bib0115]\].

The ELCR and risk of lung cancer estimated from 3441dwellings surveyed are presented in [Fig. 2](#fig0010){ref-type="fig"}.Fig. 2Indoor radon risk map of Iran.Fig. 2

It is found that LCC ranged between 5.04 and 199.2 per million persons per year with mean value of 46.8 per million persons per year which is lower than the limit range of 170--230 per million persons recommended by ICRP \[[@bib0120]\].

Case survey: Shabestar County {#sec0015}
=============================

Study area and data collection {#sec0020}
------------------------------

Shabestar County is located in 45° 05′ to 46° 09′ eastern longitudes and 37° 42′ to 38° 24′ northern latitudes is a county in East Azerbaijan province in Iran. It is limited to Tabriz city and Urmia Lake from northwest and northeast respectively. The climate of study area is mostly semiarid and the minimum and maximum of temperature in the area are −14 °C in winter and +31 °C in summer, respectively \[[@bib0125],[@bib0130]\].

This cross-sectional study was carried out during winter of 2016 on 50 residential houses which were randomly selected with an emphasis on coverage of whole investigated area from Shabestar, Khamaneh, Vayqan and Daryan cities. The location of study area and sampling points has been shown in [Fig. 3](#fig0015){ref-type="fig"}.Fig. 3Location Map of the Study Area.Fig. 3

A passive sampling using solid-state nuclear detectors of SSNTDs type CR-39 was performed to measure the concentration of radon gas. CR-39 polycarbonate film placed inside a plastic holder. Detectors were numbered and for each building unit, two detectors were installed in the bedroom and living room and left for a period of three months while placed at a distance of 90 cm from the floor and away from sunlight and windows.

After three months of exposure, detectors were wrapped with aluminum foils and transferred to the Reference Radon Lab, Mazandaran University of Medical Sciences. In the laboratory, then detectors placed in a 6.25 N solution of NaOH at 85 °C for 3 h due to magnify the alpha tracks. The films were washed with distilled water after the time was spent to read. The automatic counting system with taking microscope images was used for counting alpha particles (tracks) recorded on CR-39 detectors, then using calibration and conversion factors track density was converted to the radon concentration in Bq/m^3^. All the radon determination process was carried out according to the U.S. EPA protocol \[[@bib0005],[@bib0135]\].

In order to evaluation of affecting parameters on radon levels, the information about type of building (villa or apartment), floor numbers, the age of the building, the type of skeleton construction materials and cracking on the wall and roof were gathered and recorded.

Statistical analysis of the data was performed by SPSS version 20 and Excel v. 2016. The variables were normalized with the log-transformation and analyzed using parametric tests.

The average concentration of indoor radon in Shabestar, Khamaneh, Vayqan and Daryan buildings were (in order) 43.53 ± 26.93, 63.18 ± 83.4, 67.11 ± 50.16 and 63.25 ± 26.34 Bq/m^3^. Comparing the arithmetic mean indoor radon concentration of this work to other studies done across the country reveals that Shabestar county has a lower mean indoor radon (56.19 ± 45.96 Bq/m^3^), than means (117.4 ± 97.7 Bq/m^3^) obtained in [Table 1](#tbl0005){ref-type="table"}. However, the mean value is higher than the global average (40 Bq/m^3^) \[[@bib0140]\].The maximum measurement was 520.12 Bq/m^3^ (approximately 3.5 times higher than the limit imposed by EPA) in bedroom (1^st^ floor) of a 5-year age building with granite stones in facade and some artificially fashioned building materials (Patina) in rooms.

The minimum and maximum values in bedrooms amounted to 3.92 and 520.12 Bq/m^3^ while the concentration of radon gas in living rooms was ranged from 4.94 to 155.02 Bq/m^3^ in the studied area. Despite the large variations in bedrooms than living rooms, there was no statistical significant difference between radon concentration in these environments (p \> 0.05(. The results of Pearson correlation analysis between the indoor radon and some affecting variables in radon emission was presented in [Table 3](#tbl0015){ref-type="table"} and confirmed a good linear relationship between bedroom and living-room radon concentration.Table 3Pearson Correlation analysis between bedroom and living-room radon with other factors.Table 3VariablesLiving roomBed\
roomBuilding typeFloor numberBuilding facade'sBuilding ageBuilding structureFloor coveringWall coveringWindow typecrackLiving room1Bedroom.448\*\*1Building type.353\*.336\*1Floor number−0.053−0.294−.509\*\*1Building facade's0.193−0.1210.1610.0331Building age.455\*\*0.050.3270.1320.1361Building Structure0.2380.1690.2040.0820.053.365\*1Floor covering−0.010.052−0.1920.132−0.075−0.2910.0421Wall covering0.070.059.363\*−0.2040.093.360\*0.101−0.2791Window type−0.026−.322\*−0.2540.177−0.0970.104−0.0710.163−0.21Crack.373\*.333\*0.1220.210.1550.290.106−0.188−0.007−0.1711

Although, some moderate associations were detected with the factors "building age, cracks on the walls/floor, window type"; nonetheless the pairwise regression analysis confirmed no strong correlation between them and radon concentration in bedroom and living rooms.

Also, a significant difference was observed between radon levels in apartment (multi-story homes) and villa dwellings (*p* \< 0.05). According to the [Fig. 4](#fig0020){ref-type="fig"}, radon content was higher in villa relative to apartments The average radon content was found to be 65.51 Bq/m^3^ for the villa and 34.22 Bq/m^3^ for the apartments. Because radon is heavier than air, it tends to sink to the lowest possible levels of homes and also its concentrations are appreciably high in isolated houses than in blocks of apartments \[[@bib0145]\]. As reported in some other studies \[[@bib0070],[@bib0160], [@bib0165], [@bib0170]\].Fig. 4Radon concentration variations with the type of building.Fig. 4

Radiation dose estimation {#sec0025}
-------------------------

The mean annual effective doses resulting from the radon gas in different floors of dwellings in Shabestar County are shown in [Table 4](#tbl0020){ref-type="table"}. The results comparison with data obtained from other parts of the country (See [Table 1](#tbl0005){ref-type="table"}) suggests that the average mean value for Shabestar County is less than the calculated mean effective dose rates for other parts of Iran (2.6 ± 2.4 mSv.y^−1^).Table 4Indoor radon concentration and their respective doses at different floor.Table 4Rn concentration (Bq/m^3^)D~T~)mSv/y(1 st floorBedroom60.411.52Living room52.141.32Average60.891.542nd and upper floorsBedroom56.651.43Living room51.581.3Average41.151.04

The mean annual effective dose and effective dose (to lungs) received by the residents of the studied area in Shabestar county were estimated to be 1.4 and 3.5 mSv/y respectively ([Table 5](#tbl0025){ref-type="table"}). The mean ELCR for indoor exposure in the area was found to be 0.54/100 people that is small as compared with action level of EPA, the estimated risk of 1.3% corresponding with radon exposure of 148 Bq/m^3^ for the entire population \[[@bib0150]\].Table 5The ^222^Rn Concentration, Absorbed dose and Effective Dose to Lungs for studied area.Table 5LocationAverage radon concentration (Bq/m^3^)Annual effective dose(mSv/y)Annual effective dose to lungs(mSv/y)Total studied areas56.191.43.36Shabestar44.461.122.69Khamaneh65.381.653.96Vayqan60.931.533.67Daryan65.891.663.99

The annual average effective doses received by residents in the villa homes (1.65mSv.y^−1^) are about two times the doses received in the apartments (0.83mSv.y^−1^).

Additional information {#sec0030}
======================

Soil, uranium and phosphate mines, and coal combustion can be considered as the main sources of radon release to the environment. Outdoors radon levels are generally low. Indoors radon levels, in buildings and homes especially in basements and lower floors can become much higher because of radon entrance through cracks and openings in the foundation. Health effects of radon are well known \[[@bib0155]\]. Exposure to radon often occurs primarily from breathing radon in air, resulting in an increase in the incidence of lung cancer due to damage DNA of cells lining the airways. Exposure to radon is the second leading cause of lung cancer. The World Health Organization (WHO) has estimated that in a country, between 3--14% of all lung cancers can be attributed to radon. This percent depends on the national average radon level and smoking prevalence \[[@bib0160]\].

To the best of our knowledge, no attempts have been made to harmonize data on the distribution of indoor radon concentration and mapping at the country level so far. To assess and compare data measured in different cities, we produced a preliminary map but it is evident the reported data is sketchy and local surveys are still ongoing. The average radon activity concentration less than 100 Bq/m^3^ was found in 64% of studied areas in Iran and no more than 10% of them have radon concentration exceeding 200 Bq/m^3^. Also, the geometric mean of radon concentration was calculated to 72.05 Bq/m^3^.

Considering Shabestar County, the radon data recorded in dwellings (mean: 56.19 ± 45.96 Bq/m^3^) is less than prescribed levels by WHO, EPA, ICRP and as well values averaged at the level of country (117.4 ± 97.7 Bq/m^3^). Also, the value of the annual effective dose ranged from 1.12 to 1.66 mSv.y^−1^ with a mean value of 1.4 mSv.y^−1^, which is below even the lower limit of the recommended action level of 3--10 mSv.y^−1^.

Due to complexity of influential factors and variability of radon gas levels, conducting further studies especially on radon release sources, local geology and soil-gas radon concentration, radon concentration in drinking water and estimation of annual ingestion and inhalation doses is recommended.
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[^1]: ELCR = Excess Life Time Cancer risk, G.M = Geometrical mean, A.M = Arithmetical mean.
